Introduction {#s1}
============

Spreading depolarization (SD) is a slowly propagating, feed-forward event that initiates from coordinated depolarization of a volume of tissue. Local elevations of extracellular potassium and/or glutamate then appear to drive near complete depolarization of surrounding tissue. Mechanisms of SD have been extensively studied in animal models (reviewed in \[[@B1]\]), and recent clinical studies strongly suggest that SD can be frequent in the context of acute brain injury \[[@B2],[@B3]\]. SD and related events (anoxic depolarization, peri-infarct depolarizations) appear to occur spontaneously in regions that become involved in the infarct core, as well as in surrounding tissues. The cumulative metabolic burden of repetitive SDs that occur in the hours and days following injury appears to increase the volume of tissue involved in an infarct, and there is therefore considerable interest in finding effective approaches to limit the incidence of SDs \[[@B4],[@B5]\].

Zn^2+^ is highly concentrated in synaptic vesicles of many glutamatergic neurons and can be released into the extracellular space during SD \[[@B6]\]. We recently showed that extracellular Zn^2+^ accumulation can limit SDs generated in normoxic conditions *in vivo* and *in vitro* \[[@B7]\]. Extracellular Zn^2+^ can antagonize NMDARs \[[@B8]\], and such a mechanism could be one explanation for decreased SD incidence. In contrast to the potentially protective effects of extracellular Zn^2+^, excessive [intracellular]{.ul} Zn^2+^ accumulation contributes to neuronal injury. Transmembrane flux of Zn^2+^ can occur via a range of voltage-dependent cation channels and selective Zn^2+^ transporters \[[@B9]-[@B11]\]. A number of influential studies have demonstrated toxic roles for intracellular Zn^2+^ accumulation in ischemic brain injury \[[@B10],[@B12],[@B13]\], and with regards to SD, it is noted that intracellular Zn^2+^ accumulation can contribute to initiation of some forms of SD \[[@B14]\], possibly by providing an additional metabolic challenge to tissues \[[@B15]\]. Thus the net effects of Zn^2+^ on stroke progression are likely a balance between these extracellular and intracellular actions. The factors that influence this balance are not well described, and may be important for development of effective therapeutic interventions based on Zn^2+^.

In the present study, we investigated whether inhibitory effects of Zn^2+^ on SD were influenced by oxygen or glucose availability. The results show a dependence of Zn^2+^ inhibition on oxygen concentration, which could be contributed to by redox modulation. Such a mechanism may provide an additional link between tissue metabolism and the pharmacological sensitivity of SD in ischemic conditions.

Experimental Procedures {#s2}
=======================

1. Ethics Statement {#s2.1}
-------------------

All experimental procedures were carried out in accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health, the Animal Welfare Act and US federal law. The experimental procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at the University of New Mexico.

2. Animals and slice preparation {#s2.2}
--------------------------------

Brain slices were prepared from 4-10 week old mice of either sex, from C57Bl/6 or FVB/N strains. The choice of strains was based on pervious work, as we previously characterized Zn^2+^ sensitivity of SD in FVB/N mice and then included mice of the C57BL/6 strain to allow comparison with ZnT3 KO animals \[[@B7]\]. Since some parts of the present study were conducted in parallel with that prior work, both strains are included in this report. Importantly, throughout the present study, pharmacological intervention was tested by interleaving vehicle and test slices obtained from the same experimental animals to control for any potential animal variability. Mice strains and sexes are indicated in each Figure legend.

Brain slices were prepared as previously described \[[@B7]\]. Briefly, mice were deeply anesthetized with a ketamine/xylazine mixture and decapitated. Brains were then extracted into ice cold cutting solution (mM: 220 Sucrose, 6 MgSO~4~, 3 KCl, 1.25 Na~2~HPO~4~, 25 NaHCO~3~, 10 glucose, 0.2 CaCl~2~, equilibrated with 95% O~2~ / 5% CO~2~) and sliced with a vibratome at 350 µm. Slices were then allowed to recover in ACSF (mM: 126 NaCl, 1 MgSO~4~, 3 KCl, 1.25 Na~2~HPO~4~, 25 NaHCO~3~, 10 glucose, 2 CaCl~2,~ equilibrated with 95% O~2~/5% CO~2~) at 35°C for 1 hour, and then transferred to room temperature ACSF and held until transfer to the recording chamber. Recordings were made in the submerged configuration (RC-27 chamber, Warner Instruments, Hamden, CT), continuously superfused with ACSF at 2 ml/min at 32°C.

3. SD recordings and stimuli {#s2.3}
----------------------------

SD was detected as a sharp DC potential change recorded with an extracellular recording electrode, accompanied by a spreading wave of intrinsic optical signal (IOS) increases ([Figure **1**](#pone-0075739-g001){ref-type="fig"}). Low resistance glass electrodes (0.5-1 MΩ, filled with ACSF) were placed in the CA1 dendritic subfield. Signals were amplified with a Multiclamp 700A amplifier, digitized (Digidata 1322A) and analyzed with pClamp9.2 software (Molecular Devices, CA). IOS (\>575nm) were acquired at 0.5-1 Hz using a CCD camera controlled by Till Vision software (Version 4.0). SD propagation rates were analyzed after SDs were fully established (\>8 s after initial observation), and rates were averaged from at least 3 consecutive images.

![Representative SD responses generated by the three different stimuli.\
**A**: SD generated by KCl microinjection. Left panels show a series of 6 images (2 second intervals) of intrinsic optical signals (ΔT/T~0~) following KCl microinjection ejected via a micropipette (location indicated by "KCl"). Intensity increases in these ratio images are indicated by brightening of the image, and the advancing wavefront of SD is marked by the arrowheads. Traces at right show IOS and electrical signals recorded from the same preparation. IOS signals were recorded from a region of interest indicated by the box, and extracellular potential changes were recorded with a microelectrode placed at position "rec". Scale bar: 400 µm. **B**: SD generated by exposure to the Na^+^/K^+^/ATPase inhibitor ouabain (30 µM). Details of the figure are as described for A, with the DC shift and propagating wavefront of SD being generated \~5 min after the onset of ouabain exposure. **C**: SD generated by exposure of slice to OGD. Similar to ouabain-SD, OGD-SD was initiated after a significantly delay, and rates of SD propagation could be calculated by advancing wavefront of IOS signals. Data were obtained from slices obtained from male C57BL/6 mice.](pone.0075739.g001){#pone-0075739-g001}

SD was generated by one of three stimuli: 1) [K-SD]{.ul} was induced by local ejection of 1 M KCl via a glass micropipette (\~1 µm tip diameter, 40 psi). The ejection volume from a 10 ms pulse was estimated to be \~10 nl, based on the comparison between the diameter of droplet from 10-20 ejection and a reference volume \[[@B16]\]. The KCl ejection pipette was placed in the hippocampal CA1 dendritic subfield \>300 µm distant from the recording site and 50 µm below the slice surface. The threshold for K-SD was determined by escalating the duration of KCl microinjections, began with a 10 ms pulse, followed by doubling of the stimulus duration every 5 minutes until a propagating event was generated. [Ouabain-SD]{.ul} was generated by superfusion with ACSF containing 30 µM ouabain, equilibrated with varying concentrations of O~2~). Oxygen and glucose deprivation (OGD)[-SD]{.ul} was generated by superfusion with a modified ACSF, prepared by complete substitution of O~2~ with N~2~, and 85% substitution of glucose with sucrose (i.e. 1.5 mM glucose, 8.5 mM sucrose).

4. Drugs {#s2.4}
--------

D-AP5, MK801 and Ro25-6981 were obtained from Sigma. D-AP5 was dissolved in water at a stock concentration of 10 mM. MK801 and Ro25-6981 were dissolved in DMSO at 100 mM and 10 mM, respectively. Matched final DMSO concentrations were used in vehicle control experiments. In the experiments that included ZnCl~2~, 200 µM histidine was always included in the ACSF. This method can effectively limit Zn^2+^ precipitation in phosphate containing solutions \[[@B17]\]. Histidine supplementation was preferred for the present studies over phosphate removal, to avoid potential negative effects on metabolism. As reported previously \[[@B7]\], no confounding effects of histidine alone were detected on SD characteristics.

5. NMDAR current recording {#s2.5}
--------------------------

Whole-cell NMDAR currents were recorded from single CA1 pyramidal neurons. Whole-cell clamp was obtained with patch pipettes (2-3 MΩ) with internal solution containing (in mM): 130 cesium-methanesulfonate, 10 Hepes, 0.5 CaCl~2~, 8 NaCl, 10 EGTA, 5 QX314, 2 Na~2~ATP, 0.3 Na~3~GTP, pH adjusted to 7.2. Neurons were dialyzed for at least 10 minutes prior to recordings. Excitatory postsynaptic NMDAR currents (EPSC~NMDA~) were evoked by iontophoretic delivery of glutamate from high resistance electrodes (20-30 MΩ, filled with 1 M sodium glutamate). Glutamate electrodes were placed \<30 µm from the putative locations of apical dendritic trees of whole-cell patched neurons. Recordings were made in the presence of 20 µM DNQX and 15 µM bicuculline, and evoked glutamate currents were initiated at +30 mV. The duration and intensity of glutamate stimulation was adjusted for each recording in order to obtain evoked currents less than 1 nA in amplitude and 1 s duration (typical stimuli: 10-30 µA, 0.5-3 ms). Control experiments utilizing the same parameters with 1 M NaCl-filled stimulation electrodes did not evoke postsynaptic currents (n=4). Input resistance and series resistance was estimated \~500 ms prior to testing NMDA currents. Recordings in which series resistance changed by \>20% were excluded from the analysis.

6. Statistics {#s2.6}
-------------

Student *t*-tests or ANOVA with post hoc Turkey analysis were used for statistical analysis unless otherwise described. P\<0.05 was considered to be statistically significant.

Results {#s3}
=======

1. Sensitivities of K-SD, ouabain-SD and OGD-SD to ZnCl~2~ {#s3.1}
----------------------------------------------------------

[Figure **1**](#pone-0075739-g001){ref-type="fig"} shows the general features of SD generated by the three stimuli used in the study: A) KCl microinjection, B) exposure of slices to the Na^+^/K^+^-ATPase inhibitor ouabain, or C) superfusion with modified ACSF with reduced oxygen and glucose (OGD, see Methods). The sensitivity of these three types of SD to extracellular Zn^2+^ was examined by bath application of 100 µM ZnCl~2~ ([Figure **2**](#pone-0075739-g002){ref-type="fig"}), and experimental slices were interleaved with control slices throughout. As reported previously \[[@B7]\], ZnCl~2~ reliably inhibited the rate of propagation of K-SD ([Figure 2A](#pone-0075739-g002){ref-type="fig"}), and this was attributed to extracellular actions of Zn^2+^ in this model \[[@B7]\]. In addition, ZnCl~2~ significantly increased the threshold for K-SD initiation. This new observation of increased threshold is consistent with inhibition of SD frequency seen in an *in vivo* CSD model \[[@B7]\].

![Differential sensitivities of K-SD, ouabain-SD and OGD-SD to ZnCl~2~.\
Slices were pre-exposed to ZnCl~2~ (100 µM, 10 min) before application of one of the three SD stimuli. **A**: Propagation rates of K-SD were significantly reduced, and the threshold for SD onset (see Methods) was significantly increased in the same preparations (n=6, \*\*p\<0.01, \*\*\*p\<0.005). **B**: ZnCl~2~ significantly reduced propagation rates of ouabain-SD, with no significant decrease in the time to SD onset (n=5, \*\*p\<0.01). **C**: In contrast to the two other stimuli, ZnCl~2~ exposures were without effect on the propagation rates of OGD-SD (n=5). Data were obtained from slices prepared from male FVB/N mice.](pone.0075739.g002){#pone-0075739-g002}

We next examined sensitivity of ouabain-SD ([Figure 2B](#pone-0075739-g002){ref-type="fig"}) to ZnCl~2~ in 95% O~2~. The concentration of ouabain (30 µM) was previously demonstrated to have significant sensitivity to NMDAR antagonists \[[@B14]\]. The propagation of ouabain-SD was significantly inhibited by ZnCl~2~ ([Figure **2B**](#pone-0075739-g002){ref-type="fig"}), while SD initiation (as evaluated from SD onset time) was unaffected.

[Figure 2C](#pone-0075739-g002){ref-type="fig"} shows the lack of effect of ZnCl~2~ on OGD-SD. In the present study, the OGD solution lacked any added O~2~ and glucose was reduced to 1.5 mM, as these conditions proved effective for testing the pharmacosensitivity of OGD-SD (see below). Exposure to OGD resulted in an initial generalized IOS signal increase, and SD was then optically detected as a propagating band of sharply enhanced IOS. ZnCl~2~ was without effect on propagation rate or onset of OGD-SD ([Figure **2C**](#pone-0075739-g002){ref-type="fig"}). Because of the limited solubility of ZnCl~2~ in ACSF (see Methods), we could not test higher ZnCl~2~ concentrations to determine whether resistance to ZnCl~2~ was absolute. However these results revealed a large difference in the ZnCl~2~ sensitivity of OGD-SD, compared with SD generated under conditions of abundant oxygen (K-SD and ouabain SD).

2. Oxygen concentration strongly influenced the *Zn* ^*2+*^ sensitivity of SD propagation {#s3.2}
-----------------------------------------------------------------------------------------

We next examined whether the selective removal of oxygen and/or glucose could be sufficient to render SD insensitive to ZnCl~2~. Ouabain was a suitable SD stimulus to test these possibilities, because in the absence of oxygen/glucose, ouabain exposure still reliably generates SD, whereas K-SD is difficult to generate. [Figures 3A&B](#pone-0075739-g003){ref-type="fig"} show that the ZnCl~2~ sensitivities of ouabain SD generated with these lower O~2~ concentrations were quite different. Thus SD propagation in 21% O~2~ was significantly inhibited by ZnCl~2~ ([Figure **3A**](#pone-0075739-g003){ref-type="fig"}, similar to the 95% O~2~ condition). In contrast, no inhibitory effect of ZnCl~2~ on the propagation of ouabain-SD was observed in 0% O~2~ ([Figure **3B**](#pone-0075739-g003){ref-type="fig"}).

![Changing O~2~ availability dictates sensitivity to ZnCl~2~.\
**A**&**B**: Left panels show representative traces of ouabain-SD generated under different oxygen concentrations and right panels show summary effects on propagation rate and SD onset. ZnCl~2~ (100 µM) application produced a significant decrease in SD propagation rate in 21% O~2~, but inhibitory effects of Zn^2+^ were not observed in in 0% O~2~ (n=6 each, \*\*p\<0.01). **C**. Reduction of field excitatory postsynaptic potentials (fEPSP) during hypoxia. Baseline recordings were in 95% O~2~, before exchange with either 21% or 0% O~2~ (replaced with N~2~, see Methods). \* p\<0.05, n=5 each. **D**. Suppression of synaptic transmission with the A1 receptor agonist CPA (300 nM, in 95% O~2~) decreased SD propagation rate, but did not prevent inhibition by ZnCl~2~ (n=5, \*\*p\<0.01) Experiments were performed on slices obtained from male FVB/N mice.](pone.0075739.g003){#pone-0075739-g003}

Hypoxia inhibits synaptic transmission via adenosine accumulation and A~1~ receptor activation \[[@B18]\]. We therefore examined whether increased suppression of synaptic transmission could contribute to greater resistance of responses to ZnCl~2~ in 0% O~2~. Excitatory postsynaptic potentials (fEPSP) were evoked by using a bipolar stimulating electrode placed in stratum radiatum (70μs, 0.1Hz). [Figure 3C](#pone-0075739-g003){ref-type="fig"} shows that exposure to either 21% O~2~ or 0% O~2~ ACSF effectively reduced fEPSP amplitude, although suppression was somewhat stronger in under 0% O~2~ than in 21% O~2~. We therefore tested whether fully blocking synaptic activity with the potent A~1~ receptor agonist, N^6^-cyclopentyladenosine (hereafter referred to as CPA, 300 nM) would mimic effects of hypoxia on ZnCl~2~ sensitivity. Exposure to CPA in 95% O~2~ abolished evoked potentials (see also [@B19]), and decreased propagation rate of ouabain-SD to a similar level as observed in 21% and 0% O~2~. However CPA did not prevent inhibition of SD by ZnCl~2~ (Fig, 3D), indicating that changes in basal synaptic strength is unlikely to explain the oxygen-dependent differences in the sensitivity of ouabain-SD to Zn^2+^.

We next examined the influence of glucose deprivation in the ouabain-SD model. SD was reliably generated by ouabain solutions that lacked all added glucose (in ACSF 95% O~2~ and glucose substitution with sucrose). Under these conditions, SD propagation almost identical to control experiments ([Figure 2C](#pone-0075739-g002){ref-type="fig"}), and sensitivity to ZnCl~2~ was maintained (SD propagation rates, control: 4.50 ± 0.44 mm/min, ZnCl~2~: 2.71 ± 0.13 mm/min, n=5, *p*\<0.01). These results argue against a potential role of glucose availability in the lack of ZnCl~2~ sensitivity of OGD-SD.

3. Resistance of OGD-SD to ZnCl~2~ reversed by the protein oxidizers {#s3.3}
--------------------------------------------------------------------

The results above suggested that O~2~ concentration can be sufficient to affect the sensitivity of SD to extracellular ZnCl~2~. One potential explanation for these results is that severe hypoxia modulates Zn^2+^ sensitivities of target proteins by causing a reducing shift in extracellular redox potential. This possibility was tested by pre-exposure to the protein oxidizer 5,5\'-dithiobis-(2-nitrobenzoic acid) (DTNB). DTNB has a poor membrane permeability \[[@B20]\] and has been used to modify redox modulation of many proteins, including extracellular domains of NMDARs \[[@B21],[@B22]\]. A previous study has shown that a high concentration of DTNB (2 mM) significantly inhibited SD triggered by hypoxia \[[@B23]\], and consistent with this, 2 mM DTNB blocked OGD-SD in our recording conditions (n=3). A lower concentration of DTNB (0.5 mM) was found more appropriate for the current studies, since it did not prevent SD initiation, but likely retains an ability to prevent anoxia-induced redox modulation \[[@B24],[@B25]\]. DTNB treatment (0.5 mM, 10 min, 95% O~2~) alone had no effect on OGD-SD, as assessed by onset time and propagation rate ([Figure **4A**](#pone-0075739-g004){ref-type="fig"}). However DTNB pre-treatment significantly increased the sensitivity of OGD-SD to ZnCl~2~. Thus ZnCl~2~ significantly decreased propagation rates and also delayed the onsets of OGD-SD in DTNB preexposed slices ([Figure **4B**](#pone-0075739-g004){ref-type="fig"}). Similarly, propagation of ouabain SD generated in 0% O~2~ (which was previously shown to be insensitive to ZnCl~2~; see [Figure 3B](#pone-0075739-g003){ref-type="fig"}), became sensitive to ZnCl~2~ in DTNB pre-exposed slices ([Figure **4C**](#pone-0075739-g004){ref-type="fig"}). A similar effect was seen with another oxidant oxidized glutathione (GSSG: 0.5mM, 10 min pre-exposure; propagation rates, control with GSSG: 2.26 ± 0.11 mm/min, ZnCl~2~ with GSSG: 1.55 ± 0.10 mm/min, n=5, *p*\<0.01), supporting a role of redox modulation in the Zn^2+^ sensitivity of OGD-SD.

![The protein oxidizer DTNB was sufficient to confer ZnCl~2~ sensitivity in anoxic conditions.\
**A**: DTNB pre-exposure (0.5 mM, 10 min) by itself had no effect on either OGD-SD propagation rate (left) or onset (right), n=5. **B**: In the presence of DNTB, ZnCl~2~ (100 µM) effectively inhibited OGD-SD propagation rate, and delayed OGD-SD onset (n=5, \*p\<0.05, \*\*p\<0.01). **C**: Similarly, ouabain-SD generated in 0% O~2~ was inhibited by ZnCl~2~ in DTNB pre-treated slices. **D**: Under conditions where ZnCl~2~ was already effective, DTNB did not further enhance ZnCl~2~ sensitivity. Illustrated here is a lack of effect of DTNB alone on K-SD, and lack of effect on the inhibition of K-SD by ZnCl~2~ (n=5, \*\*p\<0.01). These experiments were performed in slices obtained from C57BL/6 (4 female and 6 male mice).](pone.0075739.g004){#pone-0075739-g004}

DTNB alone was without effect on the K-SD propagation rate and threshold. In addition, the ZnCl~2~ sensitivity of K-SD was unaffected (propagation rate [Figure **4D**](#pone-0075739-g004){ref-type="fig"}, threshold *p*\>0.50, n=5). Taken together, these results suggest that extracellular redox modulation under severe hypoxia can be, at least in part, responsible for the lack of Zn^2+^ sensitivity of SD.

As an additional control, we examined whether [intracellular]{.ul} Zn^2+^ accumulation could contribute to inhibitory effects of ZnCl~2~ exposures, specifically in the conditions where a ZnCl~2~ effect was revealed by DTNB. We examined this possibility by loading Zn^2+^ intracellularly by exposure to a Zn^2+^-ionophore complex (ZnPyr: 100 µM ZnCl~2~ and 1 µM pyrithione) for 10 minutes. In order to exclude the effects of residual extracellular ZnCl~2~, slices were then briefly washed with ACSF (3 minutes) before SD was generated in nominally Zn^2+^-free OGD solutions. Intracellular Zn^2+^ loading did not affect the propagation rate or onset time of OGD-SD in DTNB (propagation rates, control: 2.42 ± 0.15 mm/min, ZnPyr: 2.60 ± 0.24 mm/min; SD onset, control: 7.24 ± 0.39 min, ZnPyr: 7.71 ± 0.44 min, n=5, *p*\>0.5). These results argue against a possibility of intracellular Zn^2+^ accumulation contributing to ZnCl~2~ inhibition of SD, and support the idea that Zn^2+^ is unable to inhibit OGD-SD because of anoxic redox modulation of extracellular sites.

4. Hypoxic modulation of NMDARs {#s3.4}
-------------------------------

NMDA receptors are one well-described target of Zn^2+^ \[[@B26]\], and Zn^2+^ sensitivity of NMDAR has been shown to be redox sensitive \[[@B27]\]. In addition, hypoxia modulates sensitivity to synthetic antagonists \[[@B28]\]. We thus tested whether the ZnCl~2~ sensitivity of NMDAR could also be decreased by hypoxia-dependent redox modulation. NMDAR dependent whole-cell currents were evoked by localized glutamate iontophoresis at +30 mV in the presence of GABA~A~ and AMPA receptor antagonists (see Methods). Under these conditions, evoked whole-cell currents were almost completely blocked by D-AP5 (10 µM AP5, 95.7 ± 5.0% inhibition, n=3), verifying them as isolated NMDAR currents. In contrast to synaptically-evoked fEPSP responses (see [Figure 3A](#pone-0075739-g003){ref-type="fig"} above), glutamate iontophoresis reliably evoked significant NMDAR currents in both 21% and 0% O~2~.

The effects of ZnCl~2~ exposures on NMDAR currents were compared with time-control experiments. In 95% O~2~, ZnCl~2~ significantly inhibited NMDAR currents (100 µM ZnCl~2~, 79.7 ± 4.1% inhibition, n=3). In 0% O~2~, addition of ZnCl~2~ alone was almost without effect on NMDAR currents, however sensitivity was revealed by pretreatment with DTNB ([Figure **5A&B**](#pone-0075739-g005){ref-type="fig"}). In 21% O~2~, 100 µM ZnCl~2~ significantly decreased NMDAR currents and similar inhibition was observed when tested in DTNB pre-exposed slices ([Figure 5A&B](#pone-0075739-g005){ref-type="fig"}). These results suggest that similar to SD, the Zn^2+^ sensitivity of NMDAR may be attenuated by a mechanism involving hypoxia-dependent redox modulation.

![Zn^2+^ inhibition of NMDAR current was sensitive to hypoxic redox modulation.\
**A**: Whole-cell NMDAR currents were evoked by localized glutamate iontophoresis (see Methods). The effects of hypoxia and ZnCl~2~ were evaluated by comparing the amplitudes of baseline responses (average of 9 traces in 95% O~2~, solid lines in each panel) with the average of 4-6 responses obtained after 10-15 min exposure to either hypoxic solutions, or hypoxic solutions containing ZnCl~2~ (dashed lines in each panel). The top pair of traces shows baseline responses in 95% O~2~ (solid trace) and a small decrease in the same neuron obtained after 10 min exposure to 0% O~2~ (dashed trace). The middle pair of traces show that ZnCl~2~ exposure caused little additional run-down of evoked NMDAR current, when tested in 0% O~2~. However when slices were exposed to DTNB in 0% O~2~, ZnCl~2~ caused a large decrease in current amplitude. **B**: Summary data from sets of data illustrated in A (left), and also similar experiments conducted in 21%O~2~ ACSF (right) n=4 for each condition, \*\*p\<0.01). Slices obtained from C57BL/6 (1 female and 6 male mice) were used for these analyses.](pone.0075739.g005){#pone-0075739-g005}

In a final set of experiments, we examined whether the Zn^2+^ sensitivity of OGD-SD were matched by effects of synthetic NMDAR antagonists ([Figure **6**](#pone-0075739-g006){ref-type="fig"}). [Figure 6A](#pone-0075739-g006){ref-type="fig"} shows that the concentration of AP5 tested (25 µM) had no effect on OGD-SD propagation, but delayed onset of the event. Consistent with the effects on Zn^2+^ described above, when tested in DTNB, AP5 inhibited SD propagation, and effects on onset were further enhanced. An allosteric NMDAR inhibitor (Ro25-6985) was tested at a concentration that, like AP5 was without effect on propagation rate and significantly delayed OGD-SD onset ([Figure 6B](#pone-0075739-g006){ref-type="fig"}). Similar to AP5, DTNB further delayed OGD-SD onset, but Ro25-6981 was without effect on the propagation rate of SD in both control and DTNB treated slices, possibly due to its subunit selectivity or its mechanism of inhibition (see Discussion). These results suggest that anoxic redox modulation can significantly affect the efficacies of some NMDAR antagonists on OGD-SD.

![DTNB enhanced effects of synthetic NMDA receptor antagonists on OGD-SD.\
**A**: When tested on OGD-SD, the competitive NMDAR antagonist D-AP5 (25 µM) was without effect on propagation rate, but caused a significant delay in SD onset. DTNB significantly enhanced the effects of D-AP5, so that propagation rate was decreased and onset time was further delayed. In one experiment with D-AP5 and DTNB, SD could not be detected. **B**: The allosteric inhibitor Ro25-6981 (10 µM) significantly delayed OGD-SD onset and the inhibitory effect was larger in the DTNB treated slices. Unlike D-AP5, Ro25-6981 was without effect on SD propagation in control and DTNSB treated slices. In two experiments with Ro25-6981 and DTNB, SD was not detected and statistical tests were conducted by using values obtained from successfully generated SDs. Numbers in the bars indicate the incidence of SD. These experiments were conducted in slices obtained from male C57BL/6 animals. \* p\<0.05, \*\* p\<0.01 .](pone.0075739.g006){#pone-0075739-g006}

Discussion {#s4}
==========

1. General {#s4.1}
----------

We previously showed that SDs generated by localized KCl applications were inhibited by extracellular Zn^2+^ \[[@B7]\], and the present study extends these findings to other forms of SD that may be more relevant for ischemic injury. Extracellular Zn^2+^ inhibited normoxic SDs (K-SD and ouabain-SDs generated in 95% and/or 21% O~2~), but did not inhibit anoxic SDs (OGD-SD, ouabain-SD in 0% O~2~). These effects of hypoxia may be contributed to by oxygen-dependent redox potential shifts, which could result in extracellular modification of Zn^2+^ targets such as NMDARs. These findings were also extended to inhibitory effects of synthetic NMDAR antagonists. Together, these results provide an additional mechanism for the lack of effectiveness of pharmacological inhibitors for some forms of SD, which could be important for design of therapeutic interventions.

2. Implications for Zn^2+^ in stroke {#s4.2}
------------------------------------

The oxygen-dependence of the sensitivity of SD to Zn^2+^ adds complexity to the effects of Zn^2+^ in ischemic brain injury. Following ischemia, [extracellular]{.ul} Zn^2+^ concentrations elevate \[[@B29]\], and this could be contributed to by spontaneous repetitive SDs, which are frequent in the post-ischemic period \[[@B30]\] and which release significant amounts of Zn^2+^ from presynaptic vesicles into the extracellular space \[[@B6]\]. Recent studies have demonstrated that SD generated following focal stroke in rodents can circularly propagate around the infarct core \[[@B31]\]. The present results suggest that extracellular Zn^2+^ increases may help to confine SD propagation to metabolically compromised vulnerable tissues, by selectively inhibiting propagation of SDs into surrounding well-oxygenated tissues. The same considerations may also apply in more complex clinical strokes, involving occlusion of small arteries that create complex oxygen gradients around an ischemic core where SDs may initiate.

As noted in the Introduction, the initiation of SD can be facilitated by [intracellular]{.ul} accumulation of Zn^2+^. Thus intracellular and extracellular Zn^2+^ effects appear to oppose each other for the generation of SD. Intracellular Zn^2+^ was suggested to facilitate SD initiation by inhibiting energy metabolism \[[@B15]\], and a significant contribution of intracellular Zn^2+^ accumulation was observed for ouabain and OGD-SD, but not for K-SD \[[@B14]\]. The net effects of Zn^2+^ likely depend on the levels of Zn^2+^ achieved in the two compartments, the sensitivity of the SD stimulus to intracellular accumulation, and as discussed here, whether hypoxia blunts the effectiveness of extracellular inhibition. Consistent with this hypothesis, the present study showed that ZnCl~2~ exposures increased the threshold for K-SD, but were without effects on ouabain-SD or OGD-SD ([Figure 3](#pone-0075739-g003){ref-type="fig"}). Furthermore, some inhibitory effect on OGD-SD could be revealed, if DTNB were used to increase the effectiveness of extracellular Zn^2+^ ([Figure 4](#pone-0075739-g004){ref-type="fig"}). These observations suggest that in metabolically compromised brain regions following stroke, the net effect of Zn^2+^ release and accumulation is likely to facilitate SD onset. Such effects are expected to combine with a number of other deleterious consequences of intracellular Zn^2+^ accumulation to contribute to neuronal injury \[[@B9]\].

3. Redox modulation of Zn^2+^ sensitivity {#s4.3}
-----------------------------------------

The present study suggests that extracellular redox potential shifts (toward reduction) in hypoxia resulted in decreased sensitivity of SD to extracellular Zn^2+^. Thus exogenous application of oxidants (DTNB, GSSG) was sufficient to render hypoxic SDs sensitive to Zn^2+^. It is technically challenging to test redox potential shifts and Zn^2+^ sensitivity in the reverse experiment, i.e. whether an exogenous reducing agent can make Zn^2+^ less effective. This is because most reducing reagents also chelate Zn^2+^ \[[@B8]\]. While we have observed that the reducing reagent DTT abolished the Zn^2+^ sensitivity of K-SD (data not shown), it is quite possible that this effect of DTT is simply due to reduced extracellular Zn^2+^ concentrations. It is also noted that metallothionein or other Zn^2+^-binding thiols may be released from neurons \[[@B32]\], and the Zn^2+^-binding capacity of these proteins could be decreased by hypoxia. It is conceivable that hypoxic regulation of such a mechanism could make some contribution to the effects described here. However, it is not yet known whether Zn^2+^ binding protein release is significant following SD, and the fact that a similar sensitivity to hypoxia was also observed with other NMDA antagonists makes it unlikely that Zn^2+^-binding protein regulation is a major contributor to the effects seen here.

As described in the Results section, a previous study has clearly shown a strong effect of redox modulation on SD. DTNB (2 mM) postponed the onset of SD generated by hypoxia, and the effect was concluded to be mediated by redox activation of BK channels \[[@B23]\]. We observed a similar inhibition of OGD-SD by 2 mM DTNB, but found that a lower concentration (0.5 mM) could be used to minimize the inhibitory effect on OGD-SD by DTNB itself. Such a concentration-dependent effect of DTNB could be due to the low membrane permeability of DTNB, as intracellular sites of BK channels were shown to be responsible for potentiation by oxidation \[[@B33],[@B34]\]. Thus it is possible that DTNB at a higher concentration (2 mM) could modulate intracellular sites (e.g. BK channels) and prevent SD whereas, at a lower concentration (0.5 mM), DTNB preferentially modulated extracellular sites and revealed sensitivity to extracellular Zn^2+^.

4. Hypoxic modulation of NMDARs {#s4.4}
-------------------------------

As discussed previously \[[@B7]\], inhibition of NMDARs is one possible target that could explain the inhibitory effects of extracellular Zn^2+^ on SD. The present observations that both NMDAR currents and SD were similarly sensitive to hypoxia-dependent redox modulation are also consistent with this hypothesis.

The hypoxic regulation of Zn^2+^ sensitivity of NMDARs ([Figure 5](#pone-0075739-g005){ref-type="fig"}) could be anticipated from previous studies. Oxygen-sensitive sites have been reported in NMDARs, and localized to the N-terminal region \[[@B35]\]. These sites are located close to Zn^2+^ binding sites \[[@B26]\]. In addition, redox modulation was shown to modify both the Zn^2+^ sensitivity of NMDAR currents in cultured cortical neurons \[[@B27]\] and the protective effects of synthetic NMDAR antagonists in hippocampal slice cultures \[[@B28]\]. The effect of redox modulation on NMDAR currents seen in the present study with hypoxia was somewhat larger than that demonstrated with chemical modification \[[@B27]\]. This could be explained by differences in methods used for redox modulation, different GluN2 subunit composition between brain tissues from adults vs. embryos, or possibly additional effects of hypoxia such as changes in extracellular pH that could modify Zn^2+^ sensitivity NMDAR \[[@B36]\].

The present study used OGD conditions that allowed assessment of changes in NMDAR sensitivity. Thus a small amount of glucose (1.5mM) was maintained in the OGD challenges, and under these conditions SD was reliably generated, and effects of Zn^2+^ and synthetic NMDAR antagonists could be effectively modulated by changes in O~2~ availability or redox modulators. It is emphasized that complete removal of both oxygen and glucose can render OGD-SD in brain slices completely resistant to NMDAR antagonists \[[@B37],[@B38]\]. The fact that small changes in metabolic substrate availability can strongly influence NMDAR sensitivity seems consistent with results from experimental stroke studies. Thus complete NMDAR antagonist resistance has been shown in SD observed during global ischemia \[[@B39]-[@B41]\], whereas significant antagonist sensitivity has been demonstrated in SD generated following focal ischemia \[[@B30],[@B42]-[@B44]\]. The mechanisms for reduced effectiveness of NMDAR antagonists in ischemia have been studied *in vivo* and in brain slices, and attributed to elevated baseline potassium concentrations \[[@B45]\] that occur in metabolically compromised brain tissue \[[@B46]\]. The redox modification studied here could be an additional mechanism that limits the inhibitory effects of NMDAR antagonists on SD in hypoxic tissues. It is also possible that redox modulation of NMDARs may affect Zn^2+^ sensitivity in a range of other pathophysiological conditions. For example, a shift from oxidized to reduced NMDARs can contribute to seizure-like activity \[[@B25]\], and it will be of interest to determine whether oxidizing agents significantly increase the effectiveness of Zn^2+^ block in epileptogenic conditions, or related disorders that involve increased excitability and/or local tissue hypoxia.
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